Colloids and Surfaces A: Physicochemical and Engineering Aspects 711 (2025) 136410

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/colsurfa

Acoustically driven vertical coalescence of liquid marbles

Aditya Vashi , Ajeet Singh Yadav, Navid Kashaninejad ©, Nam-Trung Nguyen

Queensland Micro and Nanotechnology Centre, Griffith University, 170 Kessels Road, Nathan, Queensland 4111, Australia

GRAPHICAL ABSTRACT

Coalescence stages Shape Coalescence

and oscillation

major outcomes
Collision  Spreading . - .

@
- Buckling 'Breakup Partial
D\
20 40 60 8 100 2mm ’ }
Time (ms) — .

- T
m Turn-off signal

T
4

]

Stable
levitation

TinyLev Operation

coalescence

2
3

ARTICLE INFO ABSTRACT

Keywords:

Acoustic levitation
Liquid marbles
Vertical coalescence

Liquid Marbles (LMs) are liquid droplets coated with a shell of micro- or nanoparticles. These versatile structures
hold promise for diverse applications, including microreactors, gas sensors, and fluid pumps. Consequently,
various strategies have been explored to manipulate LMs in terms of transportation, coalescence, and separation.
Among these strategies, acoustic levitation presents a unique opportunity for surface-free manipulation of LMs.
This paper introduces a simple and cost-effective method to achieve the head-on coalescence of LMs using
acoustic levitation. Coalescence was accomplished by superimposing a control signal on continuous acoustic
fields to facilitate collision and merging. Five distinct outcomes were identified, which depended on the ability of
the acoustic levitator to hold and merge the resultant liquid marble. The results revealed a significant influence
of acoustic pressure in the major outcomes of complete coalescence and partial coalescence after the collision.
Our experimental results provide deeper physical insights into contactless head-on LM coalescence while
demonstrating its feasibility as an initial step toward advanced LM manipulation techniques using acoustic
levitation.

Contactless manipulation

1. Introduction space, eliminating heterogeneous nucleation and preventing

cross-contamination with surfaces [2]. Among the levitation methods,

Levitation is a technique to counteract gravity. Levitation has gained
popularity due to recent advances in science and technology [1]. Levi-
tation provides a contactless environment and condition similar to outer
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acoustic levitation can suspend any material without the need for a
specific physical property [3]. Therefore, acoustic levitation has found
applications in material synthesis [4], analytical chemistry [5],
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pharmacy [6], microgravity research [7], and rheology [8]. The most
common way to realise acoustic levitation is utilising a standing wave,
where objects can be levitated at low-pressure regions known as nodes
[9]. Standing waves can be generated with two main configurations:
resonant [9] and non-resonant [10]. In a resonant levitator, standing
waves are created by carefully tuning the distance between the acoustic
transducer and the reflector. In contrast, non-resonant levitators have
transducers on both sides of the working space, removing the need for
frequency tuning.

Due to the contactless environment and the freedom in material se-
lection, acoustic levitation has been emerging as a novel tool to perform
fluid manipulation such as transportation, coalescence, and oscillation
of droplets [11,12]. Among the fluid manipulation techniques, coales-
cence is the process where two or more entities merge to form a single
entity and is ubiquitous in many natural phenomena, such as raindrop
formation [13], ocean mist production [14], and atmospheric aerosol
circulation [15]. In addition, coalescence plays a significant role in in-
dustrial processes, including ink-jet printing [16], spray cooling [17],
sintering in metallurgy [18], and emulsification [19]. Foresti et al.
demonstrated the first contactless coalescence concept with acoustic
levitation [20]. The team arranged discretised planar Langevin piezo-
electric transducers (LPTs) with a single reflector at a uniform distance
[20]. Droplets were transported and coalesced by controlling the LPTs
individually [20]. Instead of LPTs, Abe et al. implemented phased arrays
and modulated them to create two focal points where droplets can be
levitated [21]. Reducing the length between two focal points, resulting
in lateral coalescence of droplets. The team also demonstrated the same
concept of reduced gravity in later works [22,23]. However, lateral
coalescence with the multi-axis levitation approach requires a complex
setup, significant space, and high experimental skills. Beyond lateral
coalescence, Brotton et al. demonstrated head-on coalescence via
large-amplitude axial oscillation in a single-axis resonant levitator [24].
Although this group achieved contactless controlled chemistry through
droplet oscillation, understanding head-on coalescence dynamics with
this approach remains challenging due to limited control over the
merging process of the droplets. Recently, our group has achieved
head-on coalescence by simply superimposing a turn-off signal in a
single-axis non-resonant device [25]. This method is cost-effective, less
complex, easy to implement, and requires minimal space. Additionally,
controlling the turn-off period of the signal allows for efficient visual-
isation of coalescence dynamics. However, the challenge remains to
achieve full coalescence of bare water droplets due to surface instability
in the acoustic field.

Over the past two decades, liquid droplets encapsulated with micro
or nanoscale hydrophobic or oleophobic powder known as liquid mar-
bles (LMs) have gained attraction due to their non-wetting property
[26]. The layer of powder on the droplet surface allows LMs to move
freely on a solid substrate, float [27] or sink [28] in a liquid while
maintaining its integrity. Non-wetting property, freedom of moving, and
permeable particle layer enabled an LM to serve as a microreactor [29],
pump [30], and gas sensor [31]. Effective manipulation of LMs is a
fundamental step toward practical applications. Therefore, researchers
have established multiple manipulation schemes for LMs [32,33]. Par-
ticle properties play a crucial role in the manipulation of LMs, as factors
such as particle size, structure, and roughness significantly influence the
behaviour of the droplet interface [34-36]. To form the liquid bridge
and drive the coalescence of LMs, it is important to remove the particle
barrier. In lateral coalescence, this liquid-liquid contact is formed using
external forces such as magnetic [37], electric [38], or centrifugal [39]
force. While in vertical coalescence, LM is dropped from a certain height
onto a stationary LM [40]. When the impact velocity exceeded a
threshold, the resulting deformation of the LMs caused particle
displacement from the contact area, enabling liquid-liquid contact and
facilitating LM coalescence [41]. Although these methods have proven
effective for LM coalescence, none of the methods are contact-free and
carried out on the surface.
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Chen et al. first-time demonstrated the contact-free coalescence of
LMs using acoustic levitation [42]. The lateral coalescence was attained
by simply positioning the LMs side by side and levitating them with a
copper sieve [42]. The team observed that at a lower acoustic pressure,
both LMs remained separately levitated, while higher acoustic pressure
induced their coalescence. However, the critical acoustic pressure at
which LMs merged is still unclear and requires further insights. The
coalescence of LMs requires extra energy to overcome the particle bar-
rier for merging to occur. Moreover, these particle layers may offer
surface stability from external acoustic forces which initiated multiple
surface instabilities in bare droplets during coalescence [25]. However,
the understanding of surface instabilities for LMs during the coalescence
also remains unclear to date. Therefore, it is interesting to achieve
contact-free LMs coalescence with different methods, which provides a
better understanding of LMs coalescence dynamics in acoustic
levitation.

In this paper, we experimentally demonstrated for the first time the
head-on coalescence of LMs in acoustic levitation, utilising our method
of controlled releasing and catching. We varied LMs volumes, turn-off
time, and acoustic pressure in terms of driving voltage to characterise
head-on LMs coalescence in acoustic levitation. As this study represents
the first demonstration of vertical coalescence in acoustic levitation, our
primary objective was to validate the feasibility of the coalescence
process. Therefore, we did not vary the particle properties for this study.
Our approach offers cost-effective and less complex way to achieve LMs
coalescence with acoustic levitation, paving the way for contactless
chemical or biochemical reactions while providing a novel framework
for surface-free digital microfluidics applications.

2. Materials and method
2.1. Materials and LM preparation

Each LM was prepared manually and separately, according to the
requirements of the subsequent experiments. Fig. 1la illustrates
sequential stages for the preparation of LMs. At first, a deionised (DI)
water droplet was released on a polytetrafluoroethylene (PTFE) (Sigma-
Aldrich, nominal diameter of 1 ym) powder bed. Various water volumes
were utilised in the experiments to evaluate the effect of size on the
coalescence of LMs. Droplet volumes of 5, 6 and 7 pl were dispensed
with a micropipette (Eppendorf Research plus — 3123000039, volume
range from 1 to 20 ul). Droplet volumes of 3 and 4 pl were dispensed
using a smaller micropipette (Eppendorf Research LLG 9280001, vol-
ume range from 0.5 to 10 ul).

After dispensing, the liquid droplet was rolled on the powder bed by
turning and shaking until its surface was covered thoroughly with a
layer of microparticles, Fig. 1a. The formation of LMs with this method
can be elucidated by the concept of surface energy minimisation [43].
The mechanically stable LM was transferred from the powder bed to a
stainless-steel sieve using a spatula, Fig. 1a. The sieve, with a LM on it,
was then carefully moved to the designated node position for levitation.
The stainless-steel sieve facilitated the propagation of sound waves,
enabling efficient levitation of the LM.

2.2. Experiment setup and coalescence procedure

Fig. 1b depicts the experimental setup. The acoustic levitator ‘Tiny-
Lev’ was employed for contact-free levitation of the LMs [44]. The
TinyLev operated at 40 kHz, which corresponds to a sound wavelength
(M) of 8.58 mm. The signal was excited through nano Arduino and
amplified by L297N dual H-bridge stepper motor driver. Both devices
were powered by a variable DC power supply (Keithley 2200-30-5). The
acoustic pressure in the levitator was varied by changing the voltage
from the power supply [7]. Voltages of 10, 10.5, and 11 V were used to
characterise the effect of acoustic power on the coalescence of LMs.

Following the activation of the levitator, the prepared LMs were
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Fig. 1. (a) Preparation of liquid marble. (b) Experiment setup for LM coalescence. (c¢) Turn-off signal to interrupt the acoustic field, allowing the liquid marbles to fall

freely for a short period. (d) Acoustic radiation pressure on LM.

precisely levitated at two consecutive nodes in the centre of the levitator
cavity, Fig. 1b. LMs were levitated individually using a consistent pro-
tocol. First, the sieve holding the LM was carefully brought near the
upper node. Once positioned close to the node, the LM automatically
moved to the node due to the low-pressure region, achieving successful
levitation. Since the LM does not adhere to the sieve, the sieve could be
removed from acoustic cavity without concern. After the stable levita-
tion of the LM at the upper node, the second LM was introduced at the
lower node using the same method. Although this process was smooth
and efficient, disruptions occasionally occurred, such as the LM wetting
the sieve due to improper packing or an LM falling into the cavity. In
such cases, the LMs were discarded, and new LMs were prepared and
levitated following the same protocol. The LM levitated at the upper
node was designated as the Upper Liquid Marble (ULM), and the below
LM was designated as the Lower Liquid Marble (LLM), Fig. 1b. Sizes of
ULM and LLM were varied by preparing LM from different droplet
volumes. ULM was prepared with droplet volumes 5,6 and 7 ul and LLM
was prepared with droplet volumes 3 and 4 pl.

Upon the stable levitation of both LMs, we superimposed a turn-off
signal to the continuous acoustic signal to achieve the coalescence of
LMs, Fig. 1c. The turn-off signal was introduced through an additional
Arduino UNO controller. The circuit diagram for generating the turn-off
signal can be referenced from our previous article [25]. The LM coa-
lescence was recorded at 2000 fps using a high-speed camera (Photon
Fastcam SA3) with a Nikon micro lens (AF Micro-NIKKOR
60 mm f/2.8D), Fig. 1b. A White LED light source was positioned at
the rear side of the levitator to enhance the quality of the image, Fig. 1b.

2.3. Properties of the liquid marbles

The layer of microparticles on the core liquid affect surface tension
and density of the core liquid [45]. The effective surface tension (¢,,) of

LM can be described as:

Om= 01+ O (@]

where ¢y is the surface tension of the pure liquid and oy is the modifying
parameter, which depends on the intramolecular force between liquid
and particle and can be positive or negative [45]. Additionally, various
methods have been investigated for the direct measurement of LM
effective surface tension [46]. In our study, we used 1-um PTFE parti-
cles. Arbatan and Shen employed capillary rise method to measure the
effective surface tension of LM, using 1-pm PTFE particles and DI water
as liquid core, with droplet sizes ranging from 30 — 300 pl [47]. In their
study, measured effective surface tension was closed to that of DI water
[47]. Therefore, in our study, we considered the effective surface tension
equivalent to that of DI water, which is 0.073 N/m.

The effective density of LMs may be evaluated by the following
correlation [48],

D3p + 3.45nD%d,p,

2
(D + 2nd,)? @

Pm =

Where D and p are the diameter and density (0.998 gm/ml) of DI water,
while d, and p,, are the diameter (1 pm) and density (2.15 gm/ml at 25
°C) of microparticles. Parameter n denotes the number of microparticle’s
layers covering the DI water, which is between 3 and 5 [48]. Using this
equation and assuming a droplet diameter of 2 mm and 4 layers of mi-
croparticles, the density value is p,,= 1 gm/ml, which closely approxi-
mates the density of water. As a result, we kept the effective density
equivalent to DI water throughout the calculations.
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2.4. Shape of the LM in acoustic field

LM experiences acoustic radiation pressure on the surface when
levitated in acoustic field. The exerted acoustic radiation pressure on the
surface can be calculated according to King’s theory [49],

1 2

1
Pp= — - 5 2
A 202 <p°> o <V > (3)

where, p and v are the sound pressure and particle velocity, p, density of
medium air, ¢y is the sound velocity in air. < > denotes the time average
over period of acoustic oscillation. The distribution of acoustic radiation
pressure over the surface is not uniform. It is positive (compression) at
polar area and negative (suction) at the equator, Fig. 1d [50,51]. This
causes the LM to adapt an ellipsoidal shape, which can be adjusted by
varying the sound pressure, Fig. 1d. In TinyLev, sound pressure can be
varied by changing the driving voltage (U). The sound pressure at point r
from one transducer can be calculated by [52],

p(r) = poU((D¢(6)/d)e! ") “

where, py is a constant that define transducer output efficiency, D is the
directivity function which depends on the angle # between the trans-
ducer normal and the pointr, d is the propagation distance in space, ¢
is the emitting phase of the source, and k is the wave number. The sound
pressure generated by TinyLev is the combined result of the sound
pressure contributions from each individual transducer. The compre-
hensive study of sound pressure and its effect on levitated object can be
found in our previous work [7].

2.5. Determination of LM energies and impact velocity

Evaluating the surface energy and kinetic energy of LMs is important
to understand the dynamics of their coalescence. Surface energy (E;) of
LM is:

E,= onS )

Where S represents the surface area of the LM, which depends on its
shape. A LM has the shape of an ellipsoid, with a rotational symmetry
along the vertical axis (oblate spheroid). We first measured horizontal
(apr) and vertical (aye) radius using ImageJ (National Institute of
Health, United States) as an analysis tool. Next, the surface area of the
LM was measured by rotating the elliptical curve around the vertical
axis.
The kinetic energy (Ex) of a LM is expressed as,

E. = %pvaz 6)

Where V represents the volume (same as dispensed droplet volume) of
LM and v denotes the velocity of the LM. The velocity data were
extracted using Droplet Morphometry and Velocimetry (DMV) software
[53].

While we could extract impact velocity from the DMV, the varying
impact times of the LMs would make the evaluation process time-
consuming. In addition, we encountered the problem of separating the
edge detection of ULM and LLM near impact due to their closeness.
Therefore, we manually calculated impact velocity (v;) using the
following equation,

Vi — \2/("1 —%)"+ (1 —y)° e
t) —t

Where (x1,y;) is the centroid coordinate of the droplet at impact, (x2,y2)
is centroid coordinate of the droplet at 2 frames before impact, and t;
and t, are corresponding times. The centroid coordinates for Eq. 7 were
measured using ImageJ tool.
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3. Results and discussions

3.1. Classification and temporal evolution of outcomes after applying
turn-off signal

After turning off the transducers, we observed five distinct impact
outcomes. The outcomes were distinguished based on the holding and
coalescence ability of ULM and LLM in the acoustic cavity as shown in
Fig. 2a. Each outcome was represented as a number from 1 to 5.
Outcome 1 took place when the LMs did not merge but maintained their
position within the acoustic cavity after applying a turn-off signal
(Supplementary Video 1). In outcome 2, both LMs merged completely
and stayed in the cavity post-coalescence (Supplementary Video 2). As
with outcome 2, LMs coalesced and remained levitated for outcome 3.
However, during the coalescence the merged LM partially disintegrated,
leading to a loss of liquid (Supplementary Video 3). Contrary to out-
comes 1, 2, and 3, outcomes 4 and 5 resulted in the LMs failing to
maintain their levitated positions. In outcome 4 (Supplementary Video
4), the LMs coalesced before falling into the cavity, while in outcome 5
(Supplementary Video 5), they fell without coalescing.

Supplementary material related to this article can be found online at
doi:10.1016/j.colsurfa.2025.136410.

Fig. 2b illustrates the time evolution of the outcomes through a
sequence of images. In Fig. 2b, the volumes of ULM and LLM were 6 pl
and 4 pl, respectively. Different outcomes occurred by varying the
period of the turn-off signal. These values are shown in the Fig. 2b next
to outcome numbers. Notably, outcomes 2 and 3 occurred at a similar
turn-off period. The possible reasons for this variation are elaborated in
Sections 3.2 and 3.3. Both LMs were levitated at 10 V to their respective
node, Fig. 2b at 0 ms. Introducing the turn-off signal caused the acoustic
pressure in the cavity to cease. As a result, both LMs commenced falling
downward under the influence of gravity, converting gravitational po-
tential energy into kinetic energy as shown at 10 ms in Fig. 2b. Rein-
troducing the signal restored the acoustic pressure in the cavity.
Interestingly, though the applied turn-off signal was between 13 and 16
ms, both LMs continued to move downward, Fig. 2b at 20 ms. This
behaviour was consistent for all outcomes. The reason was the acquired
kinetic energy of LMs, which resist the acoustic pressure in the cavity.
After 20 ms, each outcome exhibited different behaviour at various
times. The time evolution of each outcome is displayed as a vertical time
sequence of images in Fig. 2b.

For outcome 1, the reintroduction of acoustic pressure successfully
counteracts the kinetic energy of both LMs. Consequently, both LMs
reversed their direction and moved upwards to obtain their original
position at the low-pressure node, Fig. 2b at 30 ms of outcome 1.
However, before securing the node position, both LMs dissipated ac-
quired energy through vertical oscillation in the cavity, which became
evident for outcome 1 at 70 and 90 ms in Fig. 2b. At last, both LMs
regained their node position without coalescing with each other, Fig. 2b
at 1.5 s of outcome 1. In outcome 2, once the acoustic signal turned on,
ULM continued to descend, resisting acoustic pressure. On the other
hand, LLM ascended, which resulted in the collision of both LMs, Fig. 2b
at 35 ms of outcome 2. Due to impact, PTFE-coated particles moved
away from the contact area, leading to the occurrence of liquid-liquid
contact and merging of two LMs into a single marble [41]. Merged LM
spread horizontally giving rise to surface energy by dissipating kinetic
energy, Fig. 2b at 40 ms of outcome 2. After maximum spreading, LM
retracted to minimise the surface energy. Due to reduction in surface
area of the marble, particle accumulates on each other. Particles away
from the liquid surface had weak bonding with the liquid. Moreover,
particles were directly exposed to external acoustic streaming in the
cavity [42]. As a result, coating microparticles detached from the coa-
lesced LM as visible at 50 ms of outcome 2 in Fig. 2b. For outcome 2,
after the collision, the merged LM went through multiple spreading and
retraction phases to dissipate energy before regaining the node position
shown in Fig. 2b at 240 ms of outcome 2.
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voltage and LMs volume similar. Turn-off time for each outcome is displayed next to outcome numbers.

Collision of ULM and LLM occurred for outcome 3 after applying the
turn-off signal. However, we observed buckling instability in outcome 3.
In our previous study, we reported that higher spreading width caused

breakup, Fig. 2b at 75 ms of outcome 3. The remaining partial droplet
stayed levitated at the node, Fig. 2b at 200 ms of outcome 3.
Similar to outcome 2 and 3, in outcome 4, ULM descended while LLM

the merged droplet to buckle [25]. In Fig. 2b, spreading and buckling
events for outcome 3 are shown at 59 ms and 61 ms, respectively.
Buckling led to the abrupt closure of the LM, which resulted in its

ascended, Fig. 2b at 30 ms of outcome 4, leading to the coalescence of
LMs after the reintroduction of acoustic pressure, Fig. 2b at 40 ms of
outcome 4. However, the acoustic pressure was unable to hold the
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merged droplet, which continued to move downward and eventually
dropped in the acoustic cavity, as shown at 50 and 80 ms of outcome 4 in
Fig. 2b. For outcome 5, both LMs resisted the acoustic pressure and
continued their downward movement, ultimately falling into the
acoustic cavity without coalescence. The time evolution of outcome 5 is
shown at 30, 40, 45, and 50 ms in Fig. 2b.

3.2. Effect of tof time on the outcomes

Examining the temporal evolution made clear that changing the
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period toe caused the different outcomes. In addition, the first 30 ms
after applying turn-off signal played an important role in deciding the
movement of both LMs. Therefore, we evaluated the displacement from
node positions, surface and kinetic energies of LMs over the first 30 ms.
To investigate the effect of the period tf, the driving voltage (10 V),
volumes of ULM (6 ul), and LLM (4 pl) were kept similar with parame-
ters used in the previous section.

Figs. 3a and 3b shows the respective kinetic energies of ULM and
LLM over the first 30 ms for different outcomes. Turn-off period of each
outcome is indicated in Fig. 3a. The kinetic energies of both ULM and

LLM
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LLM increased during the turn-off period, Figs. 3a and 3b. For 13 ms tyf,
the kinetic energy of ULM increased up to 0.05 uJ while the kinetic
energy of LLM increased until 0.03 wJ, Fig. 3a and b. The rate of change
in kinetic energy of ULM was higher compared to LLM due to the higher
mass of ULM. The kinetic energy of outcome 2 and 3 whose t,¢ period
was 14 ms surged by approximately 0.06 pJ for ULM and 0.035 for LLM,
Fig. 3a and b. Increasing the turn-off period to 15 ms resulted in a rise in
kinetic energy for both ULM and LLM, as observed in Fig. 3a and b for
outcome 4. The highest increase in kinetic energy was recorded before
the signal was turned on for outcome 5 at a 16 ms turn-off duration, with
values of approximately 0.08 pJ and 0.05 pJ for the ULM and LLM,
respectively (Fig. 3a and b). During the turn-off period, both ULM and
LLM moved downward from the node position as shown in Fig. 3c and
d and explained in the above section. ULM descended between 1.0 and
1.5 mm, while LLM descended between 0.75 — 1.25 mm for all out-
comes, Fig. 3c and d.

Once the acoustic signal was turned on, both ULM and LLM were
exposed to acoustic pressure. As a result, kinetic energy of both LMs
decreased, Fig. 3a and b. For t,¢ = 13 ms, kinetic energy dropped as low
as 0.0002 uJ for ULM and LLM. The decrease in kinetic energy was re-
flected in the movement of LMs and descended only around 0.2 mm
after the reintroduction of the signal, Fig. 3c and d. As the kinetic energy
almost reached zero, both LMs could not resist acoustic pressure and
attempted to acquire the original position at low pressure and move
upward, as shown in Fig. 3c and d. As the LMs moved from high pressure
to low pressure, their kinetic energies increased again, as clearly
observed in Fig. 3a and b after 22 ms and 20 ms for ULM and LLM,
respectively, at 13 ms off.

For 14-ms turn-off duration, the kinetic energy of ULM reduced to
0.012 pJ for outcome 2 and 0.022 pJ for outcome 3, Fig. 3a. The energy
continued to reduce until 24 ms, and during this period, ULM descended
around 2 mm from the node position for both outcomes, Fig. 3c. This
position was slightly below the high-pressure region. Therefore, ULM
continued to descend resisting acoustic pressure at the low-pressure
region of the second node, where LLM was levitated, Fig. 3c. Addi-
tionally, the kinetic energy also increased due to the movement from
high pressure to low pressure, Fig. 3a. Contrary to ULM, the kinetic
energy of LLM for outcomes 2 and 3 decreased to around 0.0003 pJ,
which led to the same behaviour as outcome 1 and LLM moved upward,
Fig. 3b. Consequently, collision of ULM and LLM took place which
resulted in coalescence or partial coalescence. Interestingly, the LMs of
outcome 3 had a higher kinetic energy than the ULM and LLM of
outcome 2, Fig. 3a and b. Possible reason is the varying acoustic pressure
at different positions within the levitator. Due to the higher kinetic en-
ergy, coalesced LM spread more and resulted in buckling.

Same as for 13 and 14 ms turn-off time, the kinetic energy of ULM
decreased for tyf = 15 ms and toif = 16 ms once the turn-off duration is
over. However, the reduction of kinetic energy for ULM was less
compared to 13 and 14 ms turn-off period. The recorded minimum ki-
netic energy was 0.025 pJ and 0.047 uJ ms for tof = 15 ms and tyg = 16
ms, respectively, Fig. 3a. Due to the higher kinetic energy, ULM
descended faster for 15 and 16 ms turn-off time compared to 14 ms turn-
off time as seen in Fig. 3c. During tof = 14 ms, LLM kinetic energy
reduced to approximately 0.0001 pJ, Fig. 3b. Due to late reintroduction
of the signal, LLM had moved away from the low-pressure region.
Though, LLM opposed the acoustic pressure, it was not able to move
upward significantly. Consequently, after the collision, the acoustic
pressure failed to hold the merged LM, which continued to move
downward in cavity, resulting in outcome 4. For to¢ = 16 ms, kinetic
energy of LLM decreased from 0.045 to 0.022 pJ, Fig. 3b. Due to the
reduction in kinetic energy, LLM continued moving downward resisting
acoustic pressure, Fig. 3d. At the end, ULM and LLM both collapsed in
the cavity without coalescence.

Fig. 3e and f illustrate the respective surface energy of ULM and LLM
over the first 30 ms for different outcomes. Ideally, at stable levitation
and with identical parameters, the surface energies of LMs should be
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similar. However, during acoustic levitation, minor air perturbation
could change the acoustic radiation pressure acting on the LMs, resulting
in shape change. As a result, we observed a slight variation in the surface
energy of ULM and LLM at stable levitation. The variation in terms of
standard deviation was 0.335 pJ for ULM, and 0.242 pJ for LLM.
Additionally, as discussed in 2.4, LM had an oblate spheroid shape,
which has a higher surface energy compared to the respective volume of
the spheroid. Consequently, once the turn-off signal is introduced, both
LMs tried to minimise the surface energy, which generated oblate-
prolate oscillation of LMs. Due to the oscillation, surface energy also
varied accordingly as shown in Fig. 3e and f. From Fig. 3, though the
surface energy of LMs was higher than the kinetic energy, gained kinetic
energy played an important role in determining the holding ability of LM
once the turn-off signal is introduced.

3.3. Operation map of the outcomes

Apart from the turn-off period, we also varied voltage, ULM, and LLM
volume. These parameters also played a role in determining the out-
comes. Fig. 4 shows the operational map of the coalesce process, illus-
trating the outcomes based on variations of all parameters. Since
outcomes 1, 4, and 5 did not result in coalescence or stable holding
within the cavity, only three samples were collected at the observation
point. In contrast, five samples were collected for outcomes 2 and 3 to
assess the validity of these results. The superscript above outcomes 2 and
3 indicates the number of occurrences out of the five samples, Fig. 4. For
a 13 ms turn-off period, outcome 1 consistently occurred regardless of
changes in voltage, ULM, and LLM volumes, Fig. 4. Similarly, outcome 5
was observed across various voltages, ULM, and LLM volumes at a 16 ms
turn-off period, Fig. 4.

For a 3 pL LLM, acoustic pressures of 10, 10.5, and 11 V successfully
counteracted the kinetic energy of the 5 uL and 6 pyL ULM, resulting in
outcome 1 for a 14-ms turn-off time, Fig. 4a and b. While for the 3 uL
LLM and 7 pL ULM, the kinetic energy was sufficiently reduced only for
higher acoustic pressure 10.5 and 11 V, which led to outcome 1 for a
14 ms turn-off time, Fig. 4c. At 10 V, the combination of 7 uL. ULM and
3 pL LLM resulted in outcome 4, indicating that the acoustic pressure
was inadequate to maintain stability post-coalescence, Fig. 4c. For the
5 uL ULM and 3 pL. LLM combination, applying 15 ms turn-off signal, all
samples exhibited outcome 2 at 10 V, Fig. 4a. In contrast, 3 yL. LLM and
6 uL and 7 uL. ULMs ended up in outcome 4, indicating insufficient
acoustic pressure to hold them post-coalescence, Fig. 4b and c. For 15-
ms turn-off period, higher pressures at 10.5 and 11 V resulted in
outcome 1 for the 5 pL. ULM and 3 pL. LLM, Fig. 4a. For 6 pL. ULM and
3 uL LLM, three samples showed outcome 2 and two outcome 3 at
10.5 V. At 11 V, one sample showed outcome 2, and four resulted in
outcome 3, Fig. 4b. When the ULM volume increased by 1 pL for 3 pL
LLM volume and 15 ms turn-off signal, one sample resulted in outcome
2, while four samples resulted in outcome 3 at 10.5 V, Fig. 4c. For same
LMs volumes and turn-off signal, all samples resulted in outcome 3 at
11V, Fig. 4c.

Coalescence (outcome 2) and partial coalescence (outcome 3)
occurred despite keeping all parameters constant. In the previous sec-
tion, we found that higher kinetic energy led to partial coalescence
instead of coalescence. Apart from that, two more factors could cause
this discrepancy. Previous studies have shown that oblique collisions of
LMs can introduce extra shear stress, affecting coalescence behaviour
[41,54]. In our study, we couldn’t control the offset ratio during LM
collisions, making oblique collision a likely cause. Additionally, the
arrangement of hydrophobic powder on the LMs was random. In addi-
tion, acoustic pressure also influenced the powder’s distribution on the
liquid surface [55]. In principle, LM with more layers required more
energy to break its protective layer. The loss of energy to overcome the
extra protective layer might lead to less spreading after coalescence,
prevented buckling, and resulted in coalescence (outcome 2). In-depth
study and characterisation of both reasons is out of the scope of this
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paper.

At 10 V with a 4 yL LLM and a 14-ms turn-off period, outcome 2 was
achieved for 5 uL ULM, Fig. 4d. For 6 uL ULM, three samples resulted in
outcome 2 and two in outcome 3, while for 7 uL. LLM the coalesced LM
dropped in the levitator, Fig. 4e and f. Increasing 1 ms in turn-off period
at same voltage and LLM volume, both LM fell in the cavity after coa-
lescence for 6 pL. ULM and without coalescence for 5 pL and 7 pL ULM,
Fig. 4d, e and f. Both 5 pL. ULM and 4 uL. LLM were able to hold their
position at 10.5 and 11 V for 14-ms turn-off period, Fig. 4d. Under
similar conditions at 10.5 V, four samples resulted in outcome 2 and one
in outcome 3, while at 11 V, there was one outcome 2 and four outcome
3 for a 15 ms turn-off period, Fig. 4d. All samples obtained outcome 2 at
10.5 V and outcome 1 at 11 V for 6 pL. ULM and 4 pL LLM when the turn-
off duration was 14 ms, Fig. 4e. When the turn-off duration was
extended to 15 ms, the numbers of outcome 2 and 3 emerged as 1 and 4,
2 and 3 at 10.5 and 11 V, respectively, Fig. 4e. For the 7 uL. ULM and
4 uL LLM, three samples showed outcome 2 and two showed outcome 3
at 10.5V, whereas At 11 V, all samples exhibited in outcome 3 for a
14 ms turn-off period, Fig. 4f. Extending the turn-off period by 1 ms,
with LM volumes unchanged, exhibited in outcome 3 at 10.5 V and one
outcome 2 and four outcome 3 at 11 V, Fig. 4f.

We further divided the operation map into coalescence and partial
coalescence regions based on the number of outcomes, Fig. 4. The coa-
lescence region was identified where outcome 2 occurred more
frequently than outcome 3, while the partial coalescence region had a
higher numbers of outcome 3. Two main findings emerged from this
analysis. First, as the ULM volume increased, the partial coalescence
region expanded. This was due to the larger surface area of the LM,
leading to greater spreading upon collision. Second, the partial coales-
cence region also grew with increasing voltage. This can be attributed to

the effect of acoustic radiation pressure, which compressed the coa-
lesced LM more at the polar areas under higher acoustic pressure [50].
The increased compression caused the LM to spread more, resulting in
buckling and partial coalescence. Therefore, achieving full coalescence
required lower ULM volumes and voltages.

3.4. Symmetric Weber number for LM coalescence

The coalescence of LMs was caused by the kinetic energy overcoming
the surface energy of LMs. The dimensionless relationship between ki-
netic and surface energy is represented by Weber number (We),

Ey

We =
E;

(8)
In our study, kinetic energy was influenced in the presence of
acoustic pressure. Moreover, both LMs has a momentum during colli-
sion. Additionally, surface energy of the LMs also varies due to the shape
oscillation of LMs. Therefore, to properly characterise the coalescence
with dimensionless number, we calculated symmetric Weber number
(We,) at impact [56]. Assuming droplets are impacting vertically with an
impact velocity v;, the symmetric weber number can be calculated as,
2Pm Viaim) “(2u1m> + 3Pm Viim) u<211m)

We, = (C)]
° Euim) + Esiim)

where u(um) and ugn are relative velocities to the centre of the mass of
the incoming droplet. ) and ugm) cab be given as uwm) = Viuim) —

vg and ugm) = Vium) — Vg Where v, represents velocity of the centre
of mass and can be obtained by momentum balance [56],

Viam)Vitum) + Vitim) Viaim) = (Vim) + Vim) ) Ve (10)
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3.5. Dimensionless regime map of LM coalescence

Fig. 5 presents a dimensionless regime map illustrating the coales-
cence and partial coalescence based on the symmetric Weber number
and the volume ratio between the upper and lower liquid marbles
(VuLm/ ViLm) across various voltages. In this map, the turn-off period was
excluded, as variations in turn-off period primarily influenced the ki-
netic energy of the LM, which was accounted for in the symmetric Weber
number. According to Fig. 5, symmetric Weber number ranged from 0 to
0.03 for different voltages and LM volume ratios. At 10 V, outcomes 2
and 3 occurred for three volume ratios 1.25, 1.5, and 1.67, Fig. 5a.
Whereas, at 10.5V and 11V, these outcomes were observed for a
broader range of ratios 1.25, 1.5, 1.75, 2, and 2.33, Figs. 5b and 5c. In
Fig. 5a, variations in the symmetric Weber number and LM volume ratio
had minimal effect on the outcome, with most outcomes resulted in full
coalescence. At 10.5V, full coalescence was more likely when the
symmetric Weber number was below 0.0025, while values above 0.0025
predominantly lead to partial coalescence with different volume ratios,
Fig. 5b. Notably, at the higher acoustic pressure with 11 V, partial
coalescence took place even at very low Weber numbers, Fig. 5Sc.
Overall, this regime map demonstrated the impact of acoustic pressure
on the outcomes. The higher acoustic pressure resulted in a stronger
acoustic radiation force on the LM surface, which induced greater
spreading and buckling of the LM, consequently leading to partial coa-
lescence at lower symmetric Weber number.

3.6. Comparison with vertical coalescence study

Caution should be taken while comparing these results with other
approaches, as variation in powder coating inherently influence the
outcomes. However, some interesting observation can be made with the
comparison of Weber number. In previous vertical coalescence study
without acoustic levitation, Jin et al. reported modified Weber number
of 0.581 or more is required to induce coalescence [41]. The LM with
less modified Weber number was not able to break the protective layer
and resulted in rebound. The modified Weber number can be converted
to the widely used Weber number (We) by multiplying it with 12,
yielding a calculated equivalent of 6.972. For our study, the relation
between symmetric Weber number and Weber number is given by,

A2
12 (1+A%)(1+A%

We, = We 1)

where A is the ratio of LMs diameter (dy.v/duim)- Based on this equa-
tion, the variation of Weber number in our study for LMs coalescence or
partial coalescence is between 0 and 1.589 which is lower than the
previous study. Moreover, in Jin et al. study for 5 pl LMs volume, coa-
lescence only occurred in oblique collision [41]. In this study, we
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successfully achieved the coalescence of a 5pul ULM and a 3 pl LLM
without controlling the direction of their head-on collision. These
findings indicate that acoustic pressure in acoustic levitation can effec-
tively drive head-on coalescence without any constraints.

3.7. Future outlook and applications

For the first time, we demonstrated a contactless, cost-effective, and
easy to implement method to merge LMs in the vertical direction using
acoustic levitation. This method was achieved by employing an Arduino
UNO microcontroller with TinyLev system to superimpose a turn-off
signal, interrupting the continuous acoustic field. Arduino UNO is ver-
satile microcontroller which provide flexibility to interrupt the contin-
uous field as required. Interrupting the signal more than one time may
enable other manipulation techniques, such as controlled transport,
splitting, and shape oscillations in LMs. Additionally, the standing wave
in TinyLev generates multiple nodes, making it possible to coalesce more
than two LMs simultaneously if the superimposed signal is properly
controlled. However, caution must be exercised in selecting the volume
of the LMs. Larger LMs require higher acoustic pressure to remain stable
within the cavity. When merging under these conditions, the increased
acoustic radiation pressure due to higher acoustic pressure can lead to
greater surface instability, making the LMs more prone to buckling and
resulting in partial coalescence.

This study focuses solely on one type of particle for LM coalescence.
Variations in particle size could lead to different coalescence outcomes
under the same parameters. Therefore, our method also provides a
foundation for exploring the effects of particle properties on LM coa-
lescence. Additionally, our method is not limited to LMs but extends to
manipulation of any digital microfluidic platforms, makes it perfect
method to achieve contact-free digital microfluidics applications on
earth similar to outer space. One of the major applications in digital
microfluidics is chemical and biochemical reaction. The reaction can be
achieved by direct inserting the other liquid with a syringe or a micro
pipette [57], or through coalescence [38]. However, direct insertion is
invasive which increases the chances of cross contamination. Contrary,
coalescence is more controlled and non-invasive which makes the pro-
cess free of contamination. Using our method for coalescence of LMs
provides ultra clean environment for chemical reaction as there is no
surface involvement. With acoustic levitation, researchers have ach-
ieved extraordinary stability of bubble which can last for several mi-
nutes, while enhancing the adsorption of particles [58,59]. Moreover,
bubble made composite liquid film so called as gas marble can retain
their integrity over year [60,61]. Our method offers the potential gen-
eration of these type of bubbles during buckling which can advance the
research in bubble dynamics and its applications. In summary, our
method opens new possibilities for a wide range of digital microfluidics
application.
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4. Conclusion

In this study, we examined the head-on coalescence of LMs coated
with 1-uym PTFE particles by turning off the levitator for a short period.
We distinguished the five different outcomes based on LM holding and
merging capability in the acoustic levitator. Next, we evaluated effect of
LMs volume, time of turn-off period, and driving voltage on the out-
comes. For given LM volumes and voltage range, coalescence or partial
coalescence occurred within a 13-16 ms turn-off window. At a turn-off
time of 13 ms, both LMs remained in their positions, whereas at 16 ms,
both LMs dropped into the cavity. Based on the outcomes, we classified
them into distinct regions of coalescence and partial coalescence. The
regions revealed that smaller ULM volumes and lower driving voltages
significantly increased the probability of full coalescence, while larger
ULM volumes and higher driving voltages predominantly led to partial
coalescence. Finally, we analysed a dimensionless regime map using the
symmetric Weber number and the LM volume ratio across different
voltages for coalescence and partial coalescence outcomes. We also
compared our results with past LMs vertical coalescence study. The
regime map and comparison unveiled the significant role of acoustic
pressure in achieving coalescence and partial coalescence outcomes. The
method presented in this paper successfully demonstrates head-on,
contactless LM coalescence using acoustic levitation for the first time,
highlighting its potential for controlled, efficient, and cost-effective LMs
manipulation in a contactless manner. Additionally, our results also
provide valuable insights into selecting optimal parameters to facilitate
micro reactions in an acoustic levitator without liquid loss.
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